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Introduction
Many national long-term strategies of China and frontier sciences, such as underground space resources development, energy reserve, deep-earth mechanics, geophysics, microbiology and so on, were involved in the research of deep-earth resources [1, 2] . The deep mining environment, mechanical properties, and engineering responses of the rock mass were different from the shallow part [3, 4] . In order to retain the original characteristics of deep rock samples, the heat preservation requirement should be met in the mining of deep rock. At present, the soft rock in deep ocean with pressure coring was focused on in the core-taking technology of deep earth sampling [5] . However, in deep hard rock mining on land, the power consumption of core drilling was large, and most of the cutting work would be converted into cutting heat in the process of rock breaking [6, 7] . The heat generated was transferred into the core, which changed the physical properties and biological environment. Therefore, there was an urgent need to explore the mechanism of affecting temperature in coring process.
The factors affecting temperature rise and the ways to control temperature rise during drilling have been studied by a large number of scholars. In the process of cutting rock, an orthogonal experimental method to verify the blade temperature affected by parameters such as film heat dissipation coefficient, cutting speed and blade thickness was proposed in [8] . The heat transfer law of polycrystalline diamond compact (PDC) blade in rock cutting process and the heat distribution of the blade were analyzed in [9] . The temperature upon contact surface between a point-attack pick and the rock material by using a special thermocouple configuration was studied in [10] . The temperature of the cutter blade was focused more on in these studies, but the change of core temperature was paid less attention. The finite element simulation method to analyze the surface temperature of the core in cutting rock was presented in [11, 12] , but there was lacked the research on the temperature change of the whole core. The heat transfer coefficient and the maximum temperature change of workpiece surface under the condition of approximate dry drilling was studied in [13] , but whether this result was suitable for cutting rock must be further verification.
Heat transfer analysis of cutting process
Heat conduction is the main way of heat transfer in cutting process. It is assumed that the rock material is homogeneous and isotropic. Taking a circular section of a cylindrical core, the heat is transferred unidirectionally from a unit point on the circumference of the section the center of the circle. The 1-D heat conduction micro-volume element can be constructed.
In the process of cutting rock sample, elastic and plastic deformation of rock and friction with cutter will generate heat. The generated heat ΔQ in per unit time and area can be given [14] :
Here, the part of the heat is transferred to the core, and the other conducts with the cutting fluid. Based on the Fourier heat transfer law and energy conservation law, a 1-D temperature field heat transfer control equation can be expressed [15] :
where the boundary condition is:
Numerical model and simulation results

Geometric model
The cutting action of PDC blade on rock during drilling is simulated based on Deform 10.2 finite element software. The whole drilling process can be assumed to be a continuous and stable material deformation process. The deformation zone of drilling is concentrated on the contact part between cutting cutter tip and rock. In order to reduce the calculation and improve the authenticity of the results, the three blades cutting rock can be regarded as the single. The initial mesh number of workpiece is 12000, the ratio of maximum mesh size to minimum mesh size is 6:1. The initial mesh number of cutter is 10000, and the ratio of maximum mesh size to minimum mesh size is 4:1.
Material
Rock deforms elastically and plastically under high stress, and rock workpiece is set as elastic-plastic. Cutting tool is set as rigid body to reduce calculation. Taking sandstone as an example, the physical characteristics of rock and PDC cutter head are set as tab. 1. 
The values of the relevant parameters are shown in tab. 2. 
Friction model and boundary conditions
The contact and friction model of cutting is established by using modified Coulomb friction law. The friction stress in the bonding zone can be regarded as a constant, and the friction stress in the sliding zone decreases along the cutting edge. The friction stress model [17] 
The initial temperature of environment is set to 100 °C after calculating the gradient of ground temperature in 2000 m underground. In-situ formation water is used as drilling fluid for cooling and its conductivity coefficient is used to express the cooling intensity. Other parameters such as the front/rear shear angles cannot be changed in application. Therefore, the three parameters, cutting speed, feed rate and conductivity coefficient, are selected as simulation variables for orthogonal experiments.
Simulation results analysis
The simulation results show the temperature distribution in the cutting process, as shown in fig. 1 . The highest temperature is located at the boundary between the chip and core. The parameters and simulation results set by orthogonal experiment method are shown in tab. 3. The experimental indexes corresponding to each factor are drawn as shown in fig. 2 . Comparing the range of the three factors, it can be concluded that the major factors affecting cutting temperature are cutting speed and feed rate compared with the conductivity coefficient. A fitted plane of the comprehensive effect of cutting speed and feed rate on temperature is shown in fig. 3 . The slope of cutting speed direction is larger, so it has a greater influence on temperature than the feed rate. In practical engineering drilling, the feed rate is usually determined by the self-weight of the drilling rig and the resistance of the feed direction, and the adjustment ability is limited. So the cutting speed is the main adjustable factor.
Calculation of heat in cutting zone
Heat transfer analysis
The simulated temperature is the highest temperature of the core surface during drilling, which fails to reflect the change of the core internal and average temperature.
There are three deformation zones in cutting process. The heat in second deformation zone is mainly on the chips and cutting tools, which has little effect on the core and can be ig- nored. The heat transferred into the core comes from the first and third deformation zone, i. e. the shear and flank surface. The mechanical heat on the shear surface and the friction heat on the flank face can be written [14] :
respectively. The ratios of heat generated by shear face and flank face to the core can be given [17] : 
respectively. The heat transferred from the first zone and the third zone to the core are and, respectively. However, the heat transferred from the first shear zone to the core surface is cut into chips in a short time. Only a small part of the area near the cutter tip has a temperature effect on the final core. The heat in this small part can be expressed [17] :
The total heat transferred into the core per unit time in the cutting process:
The heat generated during the cutting process remains on the surface of the core. The heat will be transferred to the formation water and core center simultaneously, and the conduction ratio is determined by the thermal conductivity of both. The core heat allocated per unit volume is given: The relationship between overall temperature rise and cutting speed, feed rate and thermal conductivity coefficient is established:
where A, B, C, and D are constants, determined by the cutter parameters and material properties.
Calculations of temperature rise of rock sample
According to the cutting parameters in tab. 3, the shear stress obtained by simulation analysis at each level is shown in tab. 4. Combining shear stress with other parameters shown in tab. 5, the average temperature rise of the core after drilling and coring is obtained by calculation. Figure 4 shows the relationships between temperature rise and cutting speed in the case of abundant formation water cooling and a small amount of formation water approximating air cooling. 
Conclusion
In the present work, the influence of heat generation in coring on surface and temperature rise of cores were investigated. The numerical simulation results show that the cutting speed is the main factor affecting core temperature. Besides, how to improve the cutting efficiency under the minimum cutting speed and feed rate remain to be further studied.
